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Abstract

We conducted a total of 15 relative gravity measurements using spring-type relative gravimeters at Hakone
volcano over the seven-year period from 2018 to 2025. The gravity data were collected at eight gravity points around
Owakudani and Lake Ashinoko, with a reference gravity point at Hot Springs Research Institute in Odawara. The
relative gravity values varied within the range of up to 70 uGal over the seven years, and clearly showed the annual
gravity change of increase in autumn and decrease in spring. In this study, we first applied principal component analysis
to the spatiotemporal dataset of relative gravity measurements obtained at the eight gravity points, and extracted
temporal variations that are commonly observed across these gravity points. We also constructed a linear hydrological
gravity-response model and successfully reproduced the observed gravity variations with a precision of approximately
10 pGal. However, this hydrological model is empirical because actual land-water flow and hydrological gravity change
are governed by nonlinear equations. To reproduce the observed hydrological gravity changes with greater precision, a
more sophisticated model that accounts for the nonlinearity is required. This study was unable to detect any significant
volcanic gravity signals in the relative gravity data collected from 2018 to 2025, so we expect to observe such gravity
signals by applying the sophisticated hydrological model to subtract the hydrological effects from newly measured gravity

data in future studies.
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Fig. 1 Gravity points around Hakone volcano. Red circles indicate the gravity points where we collected the relative
gravity data in this study. A green circle indicates the first-order gravity point “Hakone”, installed by Geospatial
Information Authority of Japan (GSI). Blue circles indicate the weather stations “Hakone” and “Odawara”, installed
by Japan Meteorological Agency. The panel (a) shows the wide-area map including Hakone caldera and Odawara
downtown. The panel (b) shows the map around Owakudani, and the map area corresponds to the dashed

rectangle area in the panel (a). Two maps were created at the GSI's website.
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Table 1 Coordinates of gravity points and correspondent leveling points.

Gravity point Latitude Longitude Altitude Nearest leveling point
Name HAGEEE [deg] [deg] [m] Name Distance [m]
ONK R TT R AT 35.23832 139.12060 57 n.a. n.a.
JHS BRFFRXE () 35.24566 139.04902 556 93068A 33
JHS(G680) BRFEREE (R) 35.24566 139.04902 556 93068A 31
JHS(old) FERPARPEER 35.24565 139.04924 554 93068A 18
SKT [BRo— k5 35.24890 139.02853 799 734-11B 0
KMY - AW S 35.24954 139.02073 868 734-10 0
JICT =NBRETES 35.24883 139.01215 942 734-07 82
JCT(old) =XEERR 35.24951 139.01181 937 734-07 0
OWK KEAHEESE 35.24270 139.01981 1044 734-01 35
UBK BFO—7I7AETF 35.24454 139.00876 881 735-04 60
UBK(old) BF/INAF 35.24410 139.00911 885 735-04 17
TGD HRA BREEE 5 35.23791 138.99578 738 75-04 0
ARN FRETHGHEE 35.24221 138.99996 792 75-01A 38
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Fig. 2 Descriptions of gravity points. In each panel, a red cross, a green arrow, and a cyan arrow indicate the

positions of the gravity point, the G534 gravimeter, and the G680 gravimeter, respectively.
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Fig. 3 Photographs of the gravity points taken at (a) JCT and (b) UBK. In each of the right photos, a red pin, a green

arrow, and a cyan arrow indicate the positions of the gravity point, the G534 gravimeter, and the G680 gravimeter,

respectively. The photos of the other gravity points were shown in Kazama et al. (2019).
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Table 2 Relative gravity values measured by the LaCoste & Romberg gravimeter G534 (unit: mGal).

Year Month Day ONK JHS SKT KMY JCT OWK UBK TGD ARN
2018 7 10 0.000 -94.590 -146.104 -159.295 -176.961 -200.340 n.a. n.a. n.a.
2019 3 14 0.000 -94.602 -146.141 -159.324 -176.978 -200.386 -163.102 -135.186 -146.394
2019 5 31 0.000 -94.586 -146.120 -159.310 -176.965 n.a. -163.066 -135.153 -146.361
2019 10 16 0.000 -94.583 n.a. n.a. -176.936 -200.337 -163.040 n.a. n.a.
2020 3 10 0.000 -94.578 -146.115 -159.277 -176.963 -200.357 -163.062 -135.158 -146.357
2020 10 13 0.000 -94.584 -146.088 -159.267 -176.949 -200.336 -163.071 -135.156 -146.327
2021 3 15 0.000 -94.590 -146.121 -159.312 -176.993 -200.365 -163.075 -135.156 -146.361
2021 9 27 0.000 -94.582 -146.099 -159.297 -176.972 -200.345 -163.071 -135.152 -146.351
2022 3 25 0.000 -94.600 -146.129 -159.313 -176.997 -200.355 -163.097 -135.151 -146.370
2022 9 26 0.000 -94.574 -146.107 -159.282 -176.973 -200.344 -163.066 -135.148 -146.351
2023 3 6 0.000 -94.590 -146.122 -159.304 -176.994 -200.354 -163.079 -135.170 -146.364
2023 9 11 0.000 -94.579 -146.120 -159.293 -176.968 -200.352 -163.060 -135.147 -146.356
2024 3 13 0.000 -94.586 -146.120 -159.296 -176.982 -200.348 -163.068 -135.154 -146.343
2024 9 9 0.000 -94.564 -146.095 -159.258 -176.955 -200.325 -163.049 -135.144 -146.333
2025 3 17 0.000 -94.586 -146.124 -159.291 -176.983 -200.349 -163.073 -135.157 -146.363
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Fig. 4 Relative gravity values measured by the LaCoste & Romberg gravimeter G534. To show all gravity data in the
graph areas, an arbitrary constant value was subtracted from the original gravity values measured at each gravity
point; the constant value was set for each gravity point individually. Black circles indicate the campaign surveys in

which the gravity data were collected at all gravity points. Open circles indicate the campaign surveys in which the

gravity data were collected at only some of the gravity points.
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(a) Principal components
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(b) Contribution of each component
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Fig. 5 (a) The first to eighth principal components (PCs) of temporal gravity variations, obtained by the PC analysis.

(b) The contribution rate of each PC. In these two figures, the same color is used for each PC.
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Fig. 6 Reproduction of the temporal gravity variations using the PCs. Red lines indicate the measured gravity
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Fig. 8 (a) Gray bars and red lines indicate monthly and cumulative precipitation, respectively, observed at the
AMeDAS-Hakone station. The cumulative precipitation value is reset at the start of each new year. (a) Land-water
storage w(t; ) (Eq. 8), calculated by using the precipitation data collected at the AMeDAS-Hakone station. Green,

cyan, and blue lines indicate the time variations of w(t; 7) for the cases of = 90, 180, and 360 days, respectively.
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Fig. 9 (a) A cyan line in each panel indicates the relationship between time constant r and determination coefficient

R? at each gravity point. A blue circle indicates the position where R? maximizes. (b) Red circles in each panel

indicate the relationship between land-water storage w(t; 7,.,) and measured gravity g,,s(t) at each gravity point. A

green line indicates the regression line for the dataset of (W(t; Ty.s), Gops(1)) .
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Fig. 10 In each panel, red circles indicate the gravity values g.,,(f) measured at each gravity point, and a blue line

indicates the hydrological gravity change g.,(t; 7,.) Which best reproduces the g,,(t) values. To show all plots in

each panel, an arbitrary constant value was subtracted from the original gravity values; the constant value was set

for each gravity point individually.
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